Barmack NH, Yakhnitsa V. Modulated discharge of Purkinje and stellate cells persists after unilateral loss of vestibular primary afferent mossy fibers in mice.
A second cerebellar afferent pathway, composed of climbing fibers, evokes excitatory postsynaptic potentials (EPSPs) in Purkinje cells that trigger multiple Na ϩ and Ca 2ϩ action potentials, termed "complex spikes" (CSs), lasting 5-10 ms (Eccles et al. 1966; Granit and Phillips 1956; Llinás and Sugimori 1980; Stuart and Häusser 1994) . Although it is often assumed that the low discharge rate of climbing fibers (0 -5 impulses/s) prevents CSs from conveying physiological information in "real time," no experimental evidence supports this assumption. An equally unsupported corollary of this assumption is that the higher discharge rate of mossy fibers is essential to encode higher frequencies of sensory information and to guide higher frequencies of movement.
We can address how mossy fibers contribute to the modulation of CSs and SSs in vivo by recording Purkinje cells in folia 9c-10 that respond to natural vestibular stimulation. In folia 9c-10 sinusoidal roll tilt parametrically modulates the discharge of both climbing and mossy fibers (Barmack and Shojaku 1995; Fushiki and Barmack 1997; Yakhnitsa and Barmack 2006) . Folia 9c-10 receive the largest known singlesource mossy fiber projection from vestibular primary afferents that originate from ipsilateral labyrinth (Alley et al. 1975; Barmack et al. 1993a; Carpenter et al. 1972; Gerrits et al. 1989; Kevetter and Perachio 1986; Korte 1979; Maklad and Fritzsch 2003; Purcell and Perachio 2001; Voogd and Barmack 2005) . Folia 8 -9a receive only a nominal vestibular primary or secondary afferent projection (Barmack et al. 1993a; Barmack and Yakhnitsa 2012; Maklad and Fritzsch 2003) , although they share with folia 9c-10 a large vestibular climbing fiber projection from the ␤-nucleus and dorsomedial cell column (DMCC) of the contralateral inferior olive (Alley et al. 1975; Barmack and Yakhnitsa 2003; Fushiki and Barmack 1997; Groenewegen and Voogd 1977; Hoddevik and Brodal 1977; Schonewille et al. 2006; Tan et al. 1995; Voogd et al. 1996; Voogd and Barmack 2005) .
Folia 9c-10 differ from other folia classified as "vestibulocerebellum," such as folia 8 -9a and the flocculus, in that both climbing and mossy fiber inputs to folia 9c-10 are known and can be evoked by sinusoidal vestibular stimulation (roll tilt). In the flocculus a similar parametric activation of climbing fibers can be achieved by optokinetic stimulation (Frens et al. 2001; Graf et al. 1988; Maekawa and Simpson 1973; Schonewille et al. 2006; Wulff et al. 2009 ). However, a systematic analysis of floccular mossy fiber responses to optokinetic stimulation remains unexplored.
The vestibular primary afferent mossy fiber projection to left folia 9c-10 originates exclusively from the ipsilateral labyrinth. The vestibular climbing fiber projection originates mostly from the contralateral labyrinth. Consequently, it is possible to manip-ulate independently these two pathways. In greater detail, the right ␤-nucleus and DMCC receive vestibular secondary afferent, inhibitory signals from GABAergic neurons in the ipsilateral parasolitary nucleus (Psol; Fig. 1 , dashed red lines) in the caudal vestibular complex (Barmack et al. 1998; Barmack and Yakhnitsa 2000) . Psol neurons are excited by vestibular primary afferents from the right vertical semicircular canals, utricular and saccular otoliths (Barmack et al. 1993b ). The ␤-nucleus and DMCC also receive a smaller crossed excitatory projection from the dorsal Y-group (Fig. 1 , light blue lines) (Barmack 2005; Wentzel et al. 1995) . The schematic does not show parallel fibers that extend across the midline or a subset of vestibular secondary afferent mossy fibers that project bilaterally to folia 9c-10. These projections could diminish asymmetries in function induced by damage restricted to one of the labyrinths.
When a mouse is roll-tilted onto its left side, the discharge of left vestibular primary afferent mossy fibers increases. The discharge of right vestibular primary afferents decreases (Barmack and Shojaku 1995; Fernandez and Goldberg 1976; Goldberg and Fernandez 1975; Yakhnitsa and Barmack 2006) . Decreased discharge of vestibular primary afferents on the right side reduces excitation of neurons in the right Psol. Reduced activity of these GABAergic Psol neurons disinhibits the discharge of inferior olivary neurons onto which they project in the right ␤-nucleus and DMCC. Disinhibition of neurons in the right inferior olive increases the discharge of climbing fibers that terminate on Purkinje cells in left folia 8 -10 (Barmack et al. 1993b 8 -10 (Barmack et al. , 1998 Barmack and Yakhnitsa 2000) . Paradoxically, the increased discharge of vestibular primary afferent mossy fibers from the left labyrinth is correlated with a decreased discharge of SSs of Purkinje cells in the left folia to which these mossy fibers project (Barmack and Shojaku 1995; Barmack and Yakhnitsa 2008; Yakhnitsa and Barmack 2006) . This could only occur if the parallel fiber input was weak relative to the other synaptic signals impinging on Purkinje cells during vestibular roll tilt.
Climbing and parallel fibers are not the only afferents that modulate the discharge of SSs. Inhibitory interneurons, stellate and basket cells in the molecular layer, directly inhibit Purkinje cells. Golgi cells and unipolar brush cells also modulate the discharge of SSs indirectly by synaptically influencing the discharge of granule cells. The discharge of each of these interneurons is modulated by sinusoidal roll tilt (Barmack and Yakhnitsa 2008 , 2011a , 2011b Mathews et al. 2012; Szapiro and Barbour 2007) .
We can test the contributions of the two major cerebellar afferents by blocking one afferent class while leaving the other intact. We have disrupted vestibular climbing fibers by making unilateral microlesions of the ␤-nucleus and DMCC. Unilateral loss of the vestibular climbing fibers reduced the modulated discharge of both CSs and SSs in folia 8 -10 contralateral to the olivary microlesion. It reduced the modulated discharge of contralateral stellate interneurons, as well (Barmack and Yakhnitsa 2003, 2011a) .
In the present study we investigated how unilateral loss of vestibular primary afferent mossy fibers to folia 9c-10 disrupts the discharge of Purkinje cells and cerebellar interneurons. We used a unilateral labyrinthectomy (UL) to block the vestibular primary afferent mossy fibers. A left UL deprives the left folia 9c-10 of a vestibular primary afferent mossy fiber signal while leaving intact the climbing fiber signal. We observed that a UL acutely disrupts the modulated discharge of CSs and SSs in contralateral and ipsilateral folia 8 -10. A more severe impairment was observed in folia 8 -10 contralateral to the UL. Chronically (2-10 days post-UL) the discharge of CSs and SSs in folia 8 -10 partially recovered. A UL also decreased the modulated discharge of stellate cells contralateral to the UL, suggesting that stellate cells are essential for climbing fiberevoked modulation of SSs. zine (3 mg/kg). During an experiment we evaluated anesthetic depth using paw withdrawal and corneal reflexes. We administered supplemental doses of ketamine every 15-20 min. Preparatory surgery. Four small stainless steel screws (0-80 ϫ 1/8) and dental acrylic were used to anchor an inverted flat-head stainless steel screw (4-40) between the lambda and bregma sutures. The inverted screw mated with a metal rod that maintained the head rigidly at the center of a three-axis vestibular rate table. A servo-controlled heating pad maintained the mouse's body temperature at 37°C.
MATERIALS AND METHODS

Anesthesia
Vestibular stimulation. Mice were placed in a three-axis rate table. They were sinusoidally roll-tilted at 0.2 Hz symmetrically about the longitudinal axis, with a peak-to-peak amplitude of 20° (Barmack and Yakhnitsa 2008, 2011a) .
Unilateral labyrinthectomy. After anesthetic induction we opened the labyrinth using a retro-auricular approach. We removed the membranous labyrinth under direct vision and used a fine needle to detach the otoliths. Acute recordings were completed within 3 h after the UL was made. Chronic recordings were made 2-10 days after the UL was made under identical anesthetic conditions.
Microelectrode recording and juxtacellular labeling with neurobiotin. We made an opening in the occipital bone overlying cerebellar folia 7 and 8 and slit the dura mater overlying folium 8. We placed a small graticule with 200-m gradations on the dura mater overlying folium 7 to establish the midline and to calibrate the mediolateral distance between successive microelectrode penetrations. Glass micropipettes had resistances of 10 -15 M⍀ and were filled with 2.7% neurobiotin in 0.5 M NaCl. Micropipettes had narrow tapers to prevent damage to the cerebellar cortex during penetration of six layers of Purkinje cells from the dorsal surface of folium 8 to the ventral surface of folium 10, a distance of 1.8 -2.0 mm ( Fig. 2A) . We labeled neurons juxtacellularly by electroporating the plasma membrane through the micropipette and ejecting neurobiotin using positive current pulses (1-5 nA, 300 ms, 50% duty cycle) for 1-3 min (Fig. 2B ) (Barmack and Yakhnitsa 2008; Holtzman et al. 2006; Pinault 1996; Simpson et al. 2005) . Although interneurons can be identified statistically using combinations of electrophysiological parameters (Ruigrok et al. 2011; Van Dijck et al. 2013) , we relied on juxtacellular labeling to identify interneurons on the basis of their dendritic and/or axonal morphology. Purkinje, granule, stellate, and Lugaro cells were identified by their characteristic dendritic processes. Golgi and basket cells were identified by their unique axonal processes (Barmack and Yakhnitsa 2008) . Purkinje cells could be identified by their iconic complex spike. However, we often juxtacellularly labeled Purkinje cells in alternate electrode tracks at different depths so that we could confirm the vertical and mediolateral locations of each recorded neuron.
Histology. Mice were deeply anesthetized and perfused transcardially with 20 ml of 0.9% NaCl, followed by 100 ml of 4% paraformaldehyde and 0.1% picric acid in 0.1 M PBS (pH 7.4). After cryoprotection, the cerebellum was detached from the brain stem, blocked, frozen in isopentane cooled by CO 2 , and cut sagittally on a cryostat at 35 m. Every sagittal section was processed free-floating according to a biotin/streptavidin-horseradish peroxidase protocol (Barmack and Yakhnitsa 2008) . We calculated the cerebellar midline in serial sagittal sections by measuring the mediolateral distance between the established borders of the medial cerebellar nucleus.
Classification of vestibularly driven responses to sinusoidal roll tilt. We classified Purkinje cell and interneuronal responses as "driven" by sinusoidal roll tilt if 1) the second harmonic was less than 50% of the fundamental frequency and 2) the fundamental frequency divided by the average of all frequency components above the second harmonic exceeded 1.5. We applied Fischer's exact statistic (FES) to evaluate differences in categorizing CSs and SSs as being vestibularly driven or not driven by sinusoidal roll tilt. Although less sensitive, the FES is more appropriate than the 2 statistic for dealing with small sample sizes of categorical data.
Estimation of mean rate. We used Spike2 software to digitize recordings at 20 kHz and store them for off-line analysis (C.E.D., Cambridge, UK). We fitted waveforms of unique action potentials to templates for detection. Detected action potentials were displayed as peristimulus histograms composed of 180 bins with a bin width of 27.8 ms. The frequency of each spike was computed and stored in the bin in which it occurred. The mean frequency for each bin was computed from the number of stored spike frequencies (Barmack and Shojaku 1995; Barmack and Yakhnitsa 2003; Fushiki and Barmack 1997) .
We fitted each peristimulus histogram with a cosine function using a least-squares method:
where D M is depth of modulation, B is average baseline discharge rate, is phase relative to head position, and f is stimulus frequency. We measured D M (impulses/s) and (degrees) for each fitted cosine. During sinusoidal roll tilt, a phase equal to 0°( ϭ 0°) indicated that the recorded discharge was in phase with ipsilateral roll-tilt position. Response vectors for each Purkinje cell were combined to arrive at a mean resultant vector plotted in semilogarithmic polar coordinates (Fig. 2, D-F) . We recorded CSs and SSs from Purkinje cells in folia 9c-10 and folia 8 -9a in 1) mice with intact labyrinths (Fig. 2D) , 2) mice with an acute UL (0.5-3.0 h post-UL, Fig. 2 , E and F), and 3) mice with a chronic UL (2-10 days post-UL, see Fig. 4 ). We used a two-tailed F-statistic (F-stat) to test for significance of resultant population vectors plotted in polar coordinates (Zar 1984) .
Measurement of maximal and minimal rates of discharge of CSs and SSs during vestibular stimulation. Sinusoidal roll tilt modulated the responses of CSs and SSs. We defined the maximal discharge (CS Max and SS Max ) by iteratively shifting a continuous 90°subset of spike bins until a maximal mean discharge frequency for CSs or SSs was achieved. The center of this 90°segment was defined as the excitatory phase (). The minimal rate of discharge (CS Min or SS Min ) was defined as the mean frequency (impulses/s) for the collected CSs and SSs in a continuous 90°segment 180°out of phase with CS Max or SS Max . The net differences for CSs (CS Max Ϫ CS Min ) and SSs (SS Max Ϫ SS Min ) were plotted as linear regressions to characterize the effects of a UL on the antiphasic discharge of CSs and SSs. Differences in net discharge of CSs and SSs during roll tilt were tested with a one-factor ANOVA. Unless otherwise noted, data are means Ϯ SE.
Measurement of signal contrast. Net discharge rates can be confounded by variability in spontaneous discharge. We addressed this problem by measuring CS Max and CS Min during sinusoidal roll tilt. The interaction between spontaneous and stimulus evoked activity is analogous to the measurement of spatial contrast in a pattern of alternating black and white stripes. In such a measurement ambient light adds to measurement of light intensity of the striations, much the same way that spontaneous activity alters measurements of CS Max and CS Min . K characterizes the contrast of a striated pattern by including ambient illumination: K ϭ (I Max Ϫ I Min )/(I Max ϩ I Min ). When ambient illumination (spontaneous activity) decreases, contrast (K) approaches 1
Photomicroscopy. We photographed neurobiotin-labeled neurons with a digital camera. Images in the z-axis were combined with a digital image fusion program to obtain an extended depth of field in which cellular processes remained in focus (Media Cybernetics, Bethesda, MD).
RESULTS
UL reduces vestibularly driven CSs and SSs acutely in ipsilateral and contralateral Purkinje cells in folia 9c-10.
We recorded from Purkinje cells in folia 9c-10 in mice with intact labyrinths and in mice with ULs (Fig. 2, A-C) . In normal mice, roll tilt onto the left side increased discharge of CSs and decreased the discharge of SSs in Purkinje cells in left folia 8 -10. Conversely, roll tilt onto the right side decreased CSs and increased SSs in left folia 8 -10. The proportion of driven CSs and SSs was 138/146 and 128/146, respectively (Fig. 2D) .
We fitted cosine functions to peristimulus histograms of CSs and SSs evoked by sinusoidal roll tilt. We used population response vectors to characterize the depth of modulation (D M ) and phase () of the cosine functions. In mice with intact labyrinths, D M ϭ 0.42 impulses/s and ϭ56°for CSs. For SSs, D M ϭ 1.74 impulses/s and ϭ 220°. We plotted the net difference in discharge of CSs (CS Max Ϫ CS Min ) for each recorded Purkinje cell against the net differences of discharge in SSs (SS Max Ϫ SS Min ). This scatter plot was fitted with a linear regression with a negative slope (Fig. 2D ) and with 95% confidence intervals (dashed red lines). We inverted the sign for SSs because the net difference in discharge of SSs was antiphasic with respect to net difference in discharge of CSs. The slope of the linear regression was evaluated with a t-statistic (t-stat) to estimate the probability that the slope of the linear regression deviated from zero. In mice with intact labyrinths, the modulated discharge of SSs increased with the modulated discharge of CSs (r ϭ Ϫ0.53, t-stat: P Ͻ 0.3 ϫ 10
Ϫ10
). If vestibular primary afferent mossy fiber signals are essential for modulating the discharge of SSs, then a UL should block the modulation of SSs recorded ipsilateral to the UL. Conversely, the unilateral loss of ipsilateral primary afferent mossy fibers should have a nominal influence on the discharge of SSs in Purkinje cells contralateral to the UL. We observed the opposite. In Purkinje cells acutely recorded ipsilateral to the UL, the proportion of driven CSs and SSs in folia 9c-10 decreased to 21/41 (Fig. 2E ). This decrease relative to the driven cells observed in mice with intact labyrinths was significant (FES: P CS Ͻ 0.8 ϫ 10
). After UL, the population response vectors for CSs and SSs recorded ipsilateral to the UL were reduced modestly ( Fig. 2E ; CSs: D M ϭ 0.24 impulses/s, ϭ 56°; SSs: D M ϭ 1.07 impulses/s, ϭ 204°). These decreases were insignificant (F-stat: P CS Ͻ 0.24, P SS Ͻ 0.06). The scatter plot showed that the ipsilateral antiphasic correlation of CSs and SSs in Purkinje cells recorded ipsilateral to the UL was maintained (r ϭ Ϫ0.59, t-stat: P Ͻ 0.005; Fig. 2E ).
The proportion of driven CSs and SSs in acutely recorded Purkinje cells recorded contralateral to the UL in folia 9c-10 decreased to 9/43. This decrease was significant compared with responses recorded from mice with bilaterally intact labyrinths (P CS Ͻ 0.1 ϫ 10 Ϫ20 , P SS Ͻ 0.2 ϫ 10 Ϫ15 ; Fig. 2F ). The decrease in the proportion of driven CSs and SSs recorded contralateral to the UL in folia 9c-10 was also significant with respect to the Purkinje cells recorded in ipsilateral to the UL folia 9c-10 (P CS Ͻ 0.006, P SS Ͻ 0.006). We attribute the decrease in driven CSs and SSs recorded contralateral to the UL to a loss of a vestibularly modulated climbing fiber signal to contralateral folia 9c-10. After UL, the CS and SS population response vectors decreased (F-stat: P CS Ͻ 0.42 ϫ 10 Ϫ7 , P SS Ͻ 0.30 ϫ 10 Ϫ4 ; Fig. 2F ). In the nine Purkinje cells that remained responsive to sinusoidal roll tilt, the discharges of CSs and SSs remained antiphasic. However, as a population the antiphasic discharge of CSs and SSs decreased (r ϭ Ϫ0.27, t-stat: P Ͻ 0.48; Fig. 2F ). These data suggest that the lack of antiphasic discharge of CSs and SSs in folia 9c-10 contralateral to the UL was caused by the loss of a vestibularlymodulated climbing fiber signal that originates from the ipsilateral vestibular nerve and is relayed through the ipsilateral Psol.
UL reduces vestibular modulation of CSs and SSs in folia 8 -9a. The effects of a UL on the discharge of CSs and SSs recorded from Purkinje cells in folia 8 -9a were similar to those recorded in folia 9c-10 ( Fig. 3 , A-C). In mice with intact labyrinths, the proportion of driven CSs and SSs in folia 8 -9a was 74/87 and 62/87, respectively. CSs were characterized by a population response vector with D M ϭ 0.28 impulses/s and ϭ 63°. SSs were characterized by a vector with D M ϭ 1.00 impulses/s and ϭ 219°. As in folia 9c-10, the discharge of CSs and SSs recorded in folia 8 -9a was antiphasic. SSs decreased ϳ2.0 impulses/s for a CS increase of 1 impulses/s (r ϭ Ϫ0.46, t-stat: P Ͻ 0.00004; Fig. 3D ).
The proportion of driven CSs and SSs in acutely recorded Purkinje cells ipsilateral to the UL in folia 8 -9a decreased to 20/48 and 14/48, respectively (Fig. 3E ). These reductions were significant (FES: P CS Ͻ 0.40 ϫ 10 Ϫ6 , P SS Ͻ 0.40 ϫ 10 Ϫ5 ).
After UL, the population response vectors for CSs and SSs recorded ipsilateral to the UL were reduced marginally compared with those of mice with intact labyrinths (F-stat: P CS Ͻ 0.08, P SS Ͻ 0.01; Fig. 3 , D and E). The scatter plot shows that the antiphasic responses of CSs and SSs were maintained (r ϭ Ϫ0.51, t-stat: P Ͻ 0.02; Fig. 3E ).
In folia 8 -9a, the proportion of driven CSs and SSs acutely recorded from Purkinje cells contralateral to the UL decreased to 3/27 relative to that of Purkinje cells recorded in mice with intact labyrinths (FES: P CS Ͻ 0.24 ϫ 10 Ϫ12 , P SS Ͻ 0.35 ϫ 10 Ϫ7 ; Fig. 3F ). In contrast to the ipsilateral population response vectors, the post-UL vectors for CSs and SSs recorded from Purkinje cells contralateral to the UL decreased significantly (F-stat: P CS Ͻ 0.40 ϫ 10 Folia 8 -9b receive only a sparse projection from either vestibular primary or secondary afferent mossy fibers (Maklad and Fritzsch 2003) . However, Purkinje cells in folia 8 -9b receive a vestibular climbing fiber projection. This projection is slightly reduced relative to the vestibular climbing fiber projection to folia 9c-10 ( Barmack and Yakhnitsa 2003) . Consequently, the loss of modulated activity in vestibular primary and secondary afferent mossy fibers cannot be considered the basis for the observed decreased vestibular modulation of SSs recorded from Purkinje cells in folia 8 -9a.
Chronic improvement of vestibular modulation of CSs and SSs after UL.
One of the classic examples of brain plasticity following a UL is the recovery of function of vestibuloocular or vestibulopostural reflexes. The recovery of these reflexes is termed "vestibular compensation," and its onset can be detected both behaviorally and electrophysiologically within 10 h post-UL (Beraneck et al. 2008; Precht et al. 1966; Ris and Godaux 1998; Schaefer and Meyer 1973) .
We examined whether vestibular compensation is reflected in the discharge of Purkinje cells recorded in folia 9c-10 (Fig. 4 , A-C) and folia 8 -9a (Fig. 4 , D-F) 2-10 days after a UL. Initially, we divided the chronic recordings into two groups. The first group was 2-4 days post-UL. The second was 5-10 days post-UL. In both groups the discharge of chronically driven CSs and SSs increased relative to the responses recorded acutely (0.5-3.0 h) after a UL. However, there was no difference between the two chronic groups. Consequently, we consolidated the two chronic recording groups into one (2-10 days) for statistical analysis.
In folia 9c-10, the proportion of Purkinje cells contralateral to the UL with chronically driven CSs (67/81) and SSs (53/78) increased relative to the proportion of acutely driven CSs (9/43) and SSs (9/43) (FES: P CS Ͻ 0.0005, P SS Ͻ 0.001; Figs. 2E and 4C). The recovery of the proportion of chronically driven SSs recorded ipsilateral to the UL approached the levels observed in mice with intact labyrinths. However, the proportion of chronically driven CSs remained reduced (FES: P CS Ͻ 0.01, P SS Ͻ 0.23; Fig. 4, A and C) . The antiphasic scatter plot for ipsilaterally recorded cells did not change either acutely or chronically (r ϭ Ϫ0.59, t-stat: P Ͻ 0.1 ϫ 10 Ϫ5 ; Fig. 4, A and C) . In folia 9c-10, the proportion of Purkinje cells ipsilateral to the UL with chronically driven CSs (67/81) and SSs (66/81) increased relative to the proportion of acutely driven CSs (21/41) and SSs (21/41) but remained below the proportion of driven CSs and SSs recorded in mice with intact labyrinths (Fig. 4, A and B) .
In folia 8 -9a, the proportion of Purkinje cells contralateral to the UL with chronically driven CSs (22/44) and SSs (19/44) increased relative to the proportion of acutely driven CSs (3/27) and SSs (3/27) but remained below the proportion of driven CSs and SSs recorded in mice with intact labyrinths (FES: P CS Ͻ 0.4 ϫ 10 Ϫ6 , P SS Ͻ 0.0006; Fig. 4, D and F) . The population response vectors for chronically driven CSs and SSs increased relative to the acute population response vectors (F-stat: P CS Ͻ 0.00004, P SS Ͻ 0.002; Figs. 3F and 4F). The antiphasic scatter plot recovered from its acute state but remained depressed relative to the scatter plot obtained in mice with intact labyrinths (r ϭ Ϫ0.27, t-stat: P Ͻ 0.23; Fig. 4F ).
In folia 8 -9a, the proportion Purkinje cells ipsilateral to the UL with chronically driven CSs (35/68) and SSs (33/68) increased relative to the proportion of acutely driven CSs (20/48) and SSs (14/48) but remained below the proportion the Purkinje cell whose responses are shown in C was juxtacellularly labeled with neurobiotin. C: sinusoidal roll tilt modulated the discharge of CSs (red arrowheads) and SSs. Peristimulus histograms characterize the responses evoked by sinusoidal roll tilt (CSs, black; SSs, gray). The histograms were fitted with cosine functions (CSs, blue; SSs, green). D: in mice with intact labyrinths, D M and of modulated CSs and SSs are plotted in polar coordinates. Filled blue and green circles respectively indicate driven CSs and SSs. Open blue and green circles respectively indicate nondriven CSs and SSs. The plots show that 74/87 CSs and 62/87 SSs were driven. Population response vectors are indicated for CSs (red arrow) and SSs (yellow arrow) with respect to ipsilateral roll tilt. The maximum and minimum peaks of the cosine functions are plotted against each other. The sign reversal is drawn to emphasize the antiphasic discharge of SSs with respect to CSs. Dashed red lines indicate a 95% confidence limit for linear regressions. E: ipsilateral to the UL, the proportion of acutely driven CSs (20/48) and SSs (14/28) decreased, as did the gain of their population response vectors. The scatter plot indicates that CSs and SSs were negatively correlated (antiphasic). F: contralateral to the UL, the decrease in the proportion of acutely driven CSs (3/27) and SSs (3/27) was more severe. The scatter plot for contralateral cells shows that the discharge of CSs and SSs was not correlated. After UL, the proportion of acutely driven CSs in folia 9c-10 and folia 8 -9a contralateral to the UL decreased (Fig. 5,  A and B, right) . In folia 9c-10, 9/43 CSs and SSs contralateral to the UL and 21/41 CSs and SSs ipsilateral to the UL were vestibularly driven acutely. In folia 8 -9a, 3/27 CSs and SSs contralateral to the UL and 20/48 CSs and 14/48 SSs ipsilateral to the UL were driven acutely.
The UL-induced decrease in vestibularly driven CSs and SSs recovered 2-10 days post-UL. In folia 9c-10, 67/81 CSs and 66/81 SSs ipsilateral to the UL were driven chronically (Fig. 5,  B and C, left) . In folia 9c-10, 53/78 CSs and 53/78 SSs contralateral to the UL were driven chronically (Fig. 5, B and C, right) . Although the recovery of driven CSs and SSs in ipsilateral folia 9c-10 was more complete, the acute ULinduced decrease in activity was less severe.
In folia 8 -9a, we observed the same chronic improvement as noted in folia 9c-10. Ipsilateral to the UL, 35/68 CSs and 33/68 SSs were driven chronically. Contralateral to the UL, 22/44 CSs and 19/44 SSs were driven chronically (Fig. 5, B and C) .
The main chronic effect of the UL was to limit the recovery of CSs in Purkinje cells contralateral to the UL. The ULinduced decreases in CS modulation contralateral to the UL were observed in folia 9c-10, to which vestibular primary and secondary afferent mossy fibers project, as well as in folia 8 -9a, to which primary and secondary mossy fibers do not project.
Spontaneous and circuit-specific activity after UL. A UL blocks all primary vestibular afferent mossy fibers that project ipsilaterally to folia 9c-10 as well as to the vestibular nuclei, Psol, and dorsal Y group, thereby reducing descending as well as ascending vestibular projections. Decreased activity in Psol increases spontaneous climbing fiber activity to folia 8 -10 contralateral to the UL (Fig. 1) .
The acute loss of vestibularly driven CSs and SSs could be attributed to the blockage of specific neural circuitry. However, unilateral loss of vestibular primary afferent mossy fibers is part of a more general loss of excitability that contributes to the decreased spontaneous discharge of ipsilateral vestibular secondary neurons and increased discharge of contralateral secondary neurons. During the first 10 h post-UL, spontaneous and modulated activity of ipsilateral secondary neurons decreases. Spontaneous activity in contralateral secondary neurons increases, but its vestibular modulation decreases (Precht et al. 1966; Ris et al. 1997; Ris and Godaux 1998; Smith and Curthoys 1988) . Decreased ipsilateral and increased contralateral spontaneous activity could potentially obscure deficits caused by the loss of modulated vestibular signals.
We estimated influences of spontaneous activity on the discharge of SSs by measuring maximal and minimal mean discharge of CSs and SSs in 90°quadrants during sinusoidal roll tilt (Figs. 2C and 3C ). In mice with intact labyrinths, the mean discharge of CSs in folia 9c-10 in the maximal discharge quadrant (CS Max ) was 1.33 impulses/s (Fig. 6A , shaded blue bar). The mean discharge of CSs in the minimal discharge quadrant (CS Min ) was 0.08 impulses/s (Fig. 6A, open bar) . Post-UL CS Max increased nominally to 1.41 impulses/s ipsilateral to the UL (solid blue bars) and decreased to 0.61 impulses/s contralateral to the UL. However, of greater interest was the acute increase of CS Min to 0.81 impulses/s ipsilaterally and to 0.38 impulses/s contralaterally (hatched blue bars). These increases were 4 -10 times the CS Min values observed in mice with intact labyrinths (Fig. 6A) .
In folia 8 -9a, the UL-induced increase in CS Min was confirmed (Fig. 6E ). In mice with intact labyrinths, CS Max ϭ 1.07 impulses/s and CS Min ϭ 0.15 impulses/s. Post-UL CS Max did not change significantly either ipsilaterally or contralaterally; however, CS Min increased to 0.79 impulses/s ipsilaterally and to 0.73 impulses/s contralaterally. These increases were five times the CS Min value in mice with intact labyrinths. Chronically, CS Min remained three to five times larger than the CS Min value in mice with intact labyrinths both ipsilaterally and contralaterally (Fig. 6, A and E) . Contralateral CS Max remained larger than CS Max in mice with intact labyrinths. These results demonstrate a generalized increase in CSs not directly driven by vestibular stimulation. In the DISCUSSION we evaluate the changes in CS Max and CS Min in terms of known neuronal circuitry.
SSs as well as CSs were influenced by a UL. Acutely, the UL increased SS Max and SS Min contralaterally in folia 9c-10 and in folia 8 -9a (Fig. 6, B and F) . Chronically, the UL increased SS Max and SS Min both ipsilaterally and contralaterally. If vestibular primary afferent mossy fibers comprised the crucial pathway that controls the discharge of SSs, then a UL should have blocked this pathway and reduced vestibularlymodulated discharge of ipsilateral SSs. This did not occur in either folia 9c-10, to which vestibular primary and secondary mossy fiber afferents project, or folia 8 -9a, to which vestibular primary and secondary mossy fiber afferents do not project.
During sinusoidal roll tilt, both stimulus-modulated and spontaneous synaptic inputs determine the net discharge of CSs. Consequently, we recorded the spontaneous discharge of CSs and SSs in folia 9c-10 (Fig. 6, C and D) and in folia 8 -9a (Fig. 6 , G and H) in mice with intact labyrinths and in mice after UL. The pattern of spontaneous CSs in folia 9c-10 was identical to the pattern recorded in folia 8 -9a. Acutely, the spontaneous discharge of CSs increased ipsilateral to the UL in folia 9c-10 and folia 8 -9a. This chronic increase in spontaneous discharge of CSs was not observed in contralateral Purkinje cells in either folia 9c-10 or folia 8 -9a. Chronically, the spontaneous discharge of ipsilateral and contralateral CSs increased in Purkinje cells in folia 9c-10 and folia 8 -9a with respect to the spontaneous activity of CSs recorded in mice with intact labyrinths.
The spontaneous discharge of SSs did not covary antiphasically with the spontaneous discharge of CSs (Fig. 6, D and  H) . The chronic spontaneous discharge of both increased ipsilaterally in folia 9c-10 and folia 8 -9a. After UL, the chronic discharge of CSs and SSs ipsilateral to the UL increased in tandem (Fig. 6, C, D, G, and H) .
Signal contrast K of CSs and SSs is degraded after UL. The discharge of CSs and SSs in folia 8 -10 is influenced not only by vestibular stimulation but also by changes in background excitability independent of vestibular stimulation. Therefore, we adopted a measurement of neural contrast, to account for how changes in spontaneous activity influence the modulation of CSs and SSs evoked by vestibular stimulation (see MATERI-ALS AND METHODS). We measured maximal and minimal discharge of CSs and SSs in 90°segments during sinusoidal roll tilt (see MATERIALS AND METHODS). The contrast of CSs (K CS ) was expressed as K CS ϭ (CS Max Ϫ CS Min )/(CS Max ϩ CS Min ).
In mice with intact labyrinths, K CS ϭ 0.86 in folia 9c-10 ( Fig. 7A 1 , light blue bar) . Post-UL K CS decreased acutely [ipsilateral K CS (K CSi ) ϭ 0.26; contralateral K CS (K CSc ) ϭ 0.29; ANOVA: P Ͻ 0.001]. Chronically, K CSi and K CSc recovered partially but remained reduced by ϳ30% relative to K CS in mice with intact labyrinths (ANOVA: P Ͻ 0.001). In folia 8 -9a, K CS decreased acutely both ipsilaterally and contralaterally, with only a partial chronic recovery (Fig. 7B 1 ) .
Unlike the K CS in mice with intact labyrinths, the contrast of SSs (K SS ) was small. In folia 9c-10, K SS ϭ 0.13 (Fig. 7A 2 , shaded green bar), and in folia 8 -9a, K SS ϭ 0.06 (Fig. 7B 2 , shaded green bar). We attribute the lower K SS values to the relatively high spontaneous activity of SSs. In folia 9c-10, post-UL K SSc decreased acutely, but K SSi did not. In folia 8 -9a, post-UL K SSc and K SSi decreased acutely (Fig. 7B 2 ) . K SSc recovered but K SSi remained depressed in folia 8 -9a and 9c-10 (Fig. 7, A 2 and B 2 ) .
Our data reveal only modest recovery of K CS and K SS . This suggests that the dramatic recovery from postural deficits caused by a UL is more likely caused by a homeostatic change in background activity impinging on the inferior olive onto which a vestibularly modulated signal is superimposed. Recovery of a vestibularly modulated climbing fiber signal, given the permanent unilateral loss of vestibular primary afferents, may have a time course longer than 10 days or may never occur.
Modulation of Golgi cell discharge following a UL. Purkinje cells are not the only cerebellar neurons whose discharges are influenced by a UL. In mice with intact labyrinths, the discharges of Golgi and stellate inhibitory interneurons have distinct responses evoked by sinusoidal roll tilt that contribute to the antiphasic discharges of CSs and SSs. a Golgi cell input was demonstrated in a dual recording made from a Golgi cell and a granule cell 2 days after a UL in left folium 9c (Fig. 8, A and B) . The action potentials of both cells were recorded simultaneously. The discharges of both were modulated by the same juxtacellular stimulus. Although we do not know how the double labeling occurred, we think that the microelectrode temporarily compressed the cells so that both cell bodies could be activated juxtacellularly. The Golgi cell discharged in phase with roll tilt onto the side contralateral to the recorded cells, inhibiting the discharge of the granule cell. During the juxtacellular injection of neurobiotin, the frequency of discharge of both action potentials increased during positive current pulses (300 ms).
A second Golgi cell, recorded in right folium 9a 10 days post-UL, discharged at low frequencies (1-3 impulses/s), as do many Golgi cells. The discharge was in phase with roll tilt onto the side ipsilateral to the recorded cell and contralateral to the UL (Fig. 8, C and D) . The low frequency of discharge was interrupted by higher frequency bursts in which 3-4 action potentials discharge at a frequency of 20 -25 impulses/s (Fig.  8C) . We initially overlooked these responses, but on reexamination we observed that they occurred in ϳ40% of the Golgi cells recorded in mice with intact labyrinths. It is possible that these high-frequency discharges reflect a different synaptic input than do the lower discharge frequencies.
In mice with intact labyrinths, 18/23 Golgi cells were driven by roll tilt onto the side contralateral to the recorded cells (D M ϭ 0.52 impulses/s, ϭ 179°; Fig. 8E ). We pooled data from 35 Golgi cells recorded acutely and chronically post-UL for analysis. Of the 14/24 driven Golgi cells recorded ipsilateral to the UL, 3/7 were driven acutely and 11/17 were driven chronically. Of the 5/11 driven cells recorded contralateral to the UL, 1/5 were driven acutely and 4/6 were driven chronically (Fig. 8F) . The combined proportion of driven acute and chronic post-UL Golgi cells ipsilateral to the UL differed marginally from the proportion of driven Golgi cells in mice with intact labyrinths (FES: P Ͻ 0.10). The population response vector for Golgi cells recorded ipsilateral to the UL (D M ϭ 0.64 impulses/s, ϭ 202°, F-stat: P Ͻ 0.99) was not different from that of Golgi cells recorded in mice with intact labyrinths (F-stat: P Ͻ 0.99; Fig. 8F ).
This combined proportion of driven acute and chronic post-UL Golgi cells contralateral to the UL was reduced from the proportion of driven Golgi cells in mice with intact labyrinths (FES: P Ͻ 0.06). This difference can be accounted for by the decreased responsiveness of acutely recorded Golgi cells. The population vector for contralateral Golgi cells marginally differed from the population vector for Golgi cells recorded in mice with intact labyrinths (D M ϭ 0.34 impulses/s, ϭ 66°, F-stat: P Ͻ 0.11; Fig. 8G) .
Modulation of stellate cell discharge after UL. Stellate cells outnumber all other cerebellar inhibitory interneurons (Golgi cells, Lugaro cells, and basket cells) by an order of magnitude (Korbo et al. 1993) . Distributed throughout the molecular layer, stellate cell axons synapse on Purkinje and Golgi cell dendrites as well as other stellate cells. Parallel fiber synapses on stellate cell dendrites account for one of its two major excitatory inputs. The other comes indirectly from climbing fibers. Although climbing fibers do not synapse directly on stellate cells (Hámori and Szentágothai 1980; Midtgaard 1992b) , they excite stellate cells by glutamate spillover from adjacent synapses on Purkinje cell dendrites (Dzubay and Jahr 1999; Szapiro and Barbour 2007) . Climbing fiber-evoked excitation of stellate cells inhibits Purkinje cells and accounts for much of the antiphasic discharge of CSs and SSs (Barmack and Yakhnitsa 2008; Mathews et al. 2012) . The functional efficacy of stellate cells was illuminated by a dual recording made from a stellate cell and a Purkinje cell (Fig. 9, A and B) . The action potentials of both cells were recorded acutely post-UL in the in folium 10 ipsilateral Fig. 8 . Vestibularly evoked discharge of Golgi interneurons is not degraded by a UL. Golgi cells remain driven by sinusoidal roll tilt following a UL. A: a juxtacellularly labeled Golgi cell and granule cell were recorded simultaneously in left folium 9c 2 days after a left UL (top). B: sinusoidal roll tilt onto the left side increased the discharge of the Golgi cell and decreased the response of the granule cell. Peristimulus histograms in A (bottom) fitted with cosine functions (Golgi cell, purple; granule cell, green) demonstrate reciprocal discharge. C: another Golgi cell was recorded in right folium 9a (top). D: the Golgi cell discharged at low frequencies (1-3 imp/s) during ipsilateral roll tilt. The low discharge frequency was interrupted by high-frequency bursts of 20 -25 imp/s as shown in the purple inset in A. E: a polar plot shows that 18/23 Golgi cells were driven by sinusoidal roll tilt in mice with intact labyrinths. The population response vector was in phase with contralateral side-down roll tilt. F: after UL, 14/25 ipsilateral Golgi cells were driven. G: after UL, 5/11 contralateral Golgi cells were driven. Go, Golgi cell; Gc, granule cell; gl, granule cell layer; ml, molecular layer; wm, white matter.
to the UL. The cells were juxtacellularly labeled with neurobiotin. During sinusoidal roll tilt, the stellate cell (Fig.  9A , red arrowheads and red cosine function) discharged with a 90°phase lead with respect to roll tilt onto the side ipsilateral to the recorded cells. The Purkinje cell CSs (blue filled circles and blue cosine fit) discharged with a 20°phase lead with respect to ipsilateral roll tilt. SSs (green arrowheads and green cosine fit) discharged in phase with roll tilt onto the contralateral side. Another stellate cell, recorded 10 days post-UL in folium 10 contralateral to the UL, had a low discharge frequency that was not modulated by sinusoidal roll tilt (Fig. 9, C and D) . In mice with intact labyrinths, 36/47 stellate cells were driven by sinusoidal roll tilt. The population response vector for all stellate cells was in phase with ipsilateral side-down rotation (D M ϭ 1.65 impulses/s, ϭ 13°; Fig. 9E ). We pooled acute and chronic data from stellate cells for post-UL analysis. After UL, 10/13 stellate cells recorded ipsilateral to the UL were driven by sinusoidal roll tilt. This proportion of driven stellate cells was similar to the proportion of driven cells in mice with intact labyrinths (FES: P Ͻ 1.00). The population vector (D M ϭ 0.21 impulses/s, ϭ 147°) was reduced, but not significantly, with respect to the population vector in mice with intact labyrinths (F-stat: P Ͻ 0.13).
After UL, only 1/6 stellate cells recorded contralateral to the UL was driven by sinusoidal roll tilt. This proportion of driven stellate cells decreased relative to the proportion found in mice with intact labyrinths (FES: P Ͻ 0.007). From this population, 5/6 stellate cells were not driven and were recorded 2-10 days post-UL, suggesting that the observed deficit was chronic and not compensated. The amplitude of the population response vector (D M ϭ 0.21 impulses/s, ϭ 356°) was reduced, but its phase was aligned within 17°of the population response vector of stellate cells recorded in mice with intact labyrinths. Consequently, the population response vector of post-UL cells contralateral to the UL did not differ significantly from the population response vector of stellate cells recorded in mice with intact labyrinths (F-stat: P Ͻ 0.99).
DISCUSSION
Brain stem circuitry affected by a UL interferes with vestibular climbing fiber signals to folia 8 -10.
If vestibular primary or secondary afferent mossy fibers were responsible for the modulated discharge of SSs, then an acute UL should have decreased spontaneous activity of SSs in the folia ipsilateral to the UL to which these mossy fibers project, folia 9c-10. Again, if vestibular primary afferent activity was responsible for the spontaneous discharge of SSs, we would have expected an increased spontaneous activity of SSs in folia 9c-10 contralateral to the UL. Post-UL Purkinje cells in contralateral folia 9c-10 continued to receive a spontaneous primary vestibular afferent mossy fiber activity from an intact labyrinth and should have received an enhanced ipsilateral secondary vestibular afferent signal due to the loss of commissural inhibition from the vestibular nuclei ipsilateral to the UL. Although this expectation was confirmed, the spontaneous activity of SSs in folia 8 -9a also increased post-UL, and these folia receive neither primary nor secondary vestibular primary afferents. The post-UL increase in the spontaneous discharge of SSs occurred independently of the projections of vestibular primary and secondary afferent mossy fiber projections.
The increased spontaneous activity of SSs was probably caused by the loss of primary vestibular afferent signals to the two brain stem circuits that relay these signals to the inferior olive. The input stage of the first such circuit is the ipsilateral Psol (Fig. 1) . The input stage of the second circuit is the ipsilateral dorsal Y group, a small cluster of cells in the floccular peduncle beneath the interpositus nucleus (Brodal and Pompeiano 1957) . Dorsal Y group neurons receive inputs from ipsilateral primary and secondary vestibular afferents (Blazquez et al. 2000; Kevetter and Perachio 1986) . Axons from the dorsal Y group cross the midline to synapse on contralateral olivary neurons in the dorsal cap (DC), ␤-nucleus, and DMCC (De Zeeuw et al. 1994; Voogd and Barmack 2005) . Dorsal Y group neurons are excitatory (Kumoi et al. 1987) . Both Psol and dorsal Y group neurons are modulated by ipsilateral roll tilt and are not modulated by sinusoidal rotation about a vertical axis (yaw) (Barmack 2005; Voogd and Barmack 2005) . Together, they provide a bilateral representation of the vestibular system at the level of the inferior olive and folia 8 -10.
Spontaneous and modulated signals from vestibular primary afferents to the ipsilateral Psol and dorsal Y group are blocked post-UL. Reduced Psol activity disinhibits the discharge of olivary neurons in the ipsilateral ␤-nucleus and DMCC, evoking increased spontaneous CSs in contralateral folia 8 -10. Increased CSs should decrease spontaneous discharge of SSs. Blocking primary vestibular afferent input to ipsilateral Psol should also reduce vestibular modulation of CSs and reduce CS antiphasic modulation of SSs. These predictions were supported by our data.
Reduced spontaneous activity of neurons in the dorsal Y group decreased the activity of neurons in the contralateral ␤-nucleus, DMCC, and DC. Reduced olivary excitation decreased ipsilateral CSs and increased SSs. Blocking primary vestibular afferent input to dorsal Y group neurons also reduced vestibular modulation of CSs and reduced antiphasic modulation of SSs.
On the basis of the circuitry outlined in Fig. 1 , we predicted that a UL would increase the discharge of CSs and reduce discharge of SSs in contralateral folia 8 -10. However, both CSs and SSs increased acutely in ipsilateral and contralateral folia. We underestimated the importance of midline circuitry that detects imbalance of vestibular signals. A UL caused a doubling of spontaneous discharge of ipsilateral CSs. This unpredicted increase can be accounted for if one assumes that a UL disrupts inhibition of neurons in the contralateral ␤-nucleus and DMCC. Possible commissural influences at the level of the dorsal Y group, nucleus prepositus hypoglossi, or Psol, all of which project to the inferior olive, could also partially account for these observations (Barmack 2005; Blazquez et al. 2000; De Zeeuw et al. 1994; Kevetter and Perachio 1986; Voogd and Barmack 2005) . Other nuclei within the vestibular complex may not project directly to the ␤-nucleus and DMCC but could indirectly influence the excitability of olivary neurons through their projections to the adjacent reticular formation (Saint-Cyr and Courville 1979) .
Influences of UL on the discharge of Golgi and stellate cells. A UL reduced the proportion Golgi and stellate cells driven by sinusoidal roll tilt in folia 8 -10 contralateral to the UL. We attribute this deficit to the loss of vestibularly modulated climbing fiber discharge in folia contralateral to the UL. Golgi cells receive excitation from climbing and parallel fibers (Desclin 1974; Dieudonné 1998; Hámori and Szentágothai 1966; Sugihara et al. 1999 ) and inhibition from stellate cells, driven by climbing fibers (Dumoulin et al. 2001) . In mice with intact labyrinths, Golgi cells discharge out of phase with mossy fiber ¡ granule cell ¡ parallel fiber and climbing fiber inputs (Barmack and Yakhnitsa 2008) . A UL severely reduces the mossy fiber ¡ granule cell ¡ parallel fiber input in Golgi cells ipsilateral to the UL, but this loss has only a marginal influence on their discharge. Conversely, the proportion of driven Golgi cells contralateral to the UL is reduced even though their mossy fiber input is maintained intact. These findings support the idea that Golgi cells are driven primarily by climbing fiber activity mediated through stellate cell synapses on Golgi cell dendrites in the molecular layer. They also explain why Golgi cells discharge out of phase with climbing fibers.
Stellate cells, like Golgi cells, are thought to be driven primarily by parallel fibers because of their location in the molecular layer. Our experiment sheds some light on the relative contributions of parallel and climbing fibers in exciting stellate cells. With both labyrinths intact, vestibular primary afferent mossy fibers and vestibular climbing fibers discharge in phase during sinusoidal roll tilt, making it difficult to determine whether the parallel or climbing fiber input is more potent in exciting stellate cells. However, after a UL, the modulated discharge of stellate cells was reduced in folia 8 -10 contralateral to the UL. Conversely, the modulated discharge of stellate cells was preserved in folia 8 -10 ipsilateral to the UL even though the primary vestibular afferents were severed. These observations suggest that climbing fibers excite stellate cells and that stellate cells modulate the discharge of SSs by inhibiting Purkinje cells.
Compensation of vestibular dysfunction. ULs induce postural and oculomotor imbalance (Baarsma and Collewijn 1975; Cass and Goshgarian 1991; Dow 1938; Maioli et al. 1983; Schaefer and Meyer 1973; Takeda et al. 1990 ). Postural disturbances include head and trunk flexion toward the side of the UL, with the head twisted so that the ear ipsilateral to the UL is directed down. In extreme cases animals roll onto the side of the UL (Masumitsu and Sekitani 1991; Takeda et al. 1990; Zennou-Azogui et al. 1993) . In mice and guinea pigs, some restoration of balance occurs and ocular nystagmus disappears within 24 h (Masumitsu and Sekitani 1991; Schaefer and Meyer 1973) .
Compensation of postural and oculomotor disturbances occurs rapidly and reflects homeostatic mechanisms that regulate the sensitivity of neurons to the altered levels of afferent activity. Recovery from major neuronal imbalance caused by a UL may obscure either the persistence or recovery from subtle cerebellar deficits tied more directly to vestibular or cerebellar dysfunction (Beraneck et al. 2008) . Compensation in rodents occurs within hours and is completed within 2 days. Our measurements of neuronal contrast showed only modest improvement 2 days post-UL, indicating that despite rapid behavioral compensation and recovery of secondary vestibular activity, only partial compensation of UL-induced deficits in cerebellar circuitry occurs.
Impaired vestibular modulation of contralateral CSs and SSs after UL. Acute reductions in the proportions of vestibularly driven ipsilateral CSs and SSs occurred both ipsilaterally and contralaterally, although the contralateral reductions were greater. Whereas the ipsilateral reductions of driven CSs and SSs improved within 48 h, the contralateral reductions persisted. The reduced modulation of CSs contralateral to the UL can be explained by the UL-induced loss of vestibular modulation of ipsilateral olivary neurons. The loss of vestibular modulation of contralateral SSs is a consequence of the reduced action of vestibularly driven climbing fibers on cerebellar inhibitory interneurons, most likely stellate cells.
Several observations support the idea that climbing fibers are largely responsible for the vestibular modulation of both CSs and SSs: 1) During sinusoidal roll tilt, primary afferent mossy fibers discharge out of phase with SSs (Barmack and Shojaku 1995; Barmack and Yakhnitsa 2003; Fushiki and Barmack 1997) . 2) SSs in folia 8 -9a are modulated by roll tilt even though these folia receive a nominal projection of vestibular primary and secondary mossy fiber afferents (Barmack et al. 1993a; Barmack and Yakhnitsa 2012; Maklad and Fritzsch 2003) . 3) Sinusoidal rotation about the vertical axis fails to modulate the discharge of SSs or CSs in folia 9c-10. Vestibular primary afferent mossy fibers from the horizontal ampullae project to these folia, but vestibular climbing fibers are not modulated by yaw (Barmack and Shojaku 1995; Yakusheva et al. 2007) . 4) Microlesions of the inferior olive reduce the modulation of SS discharge in folia 8 -10 contralateral to the microlesions even though vestibular mossy fibers remain intact (Barmack and Yakhnitsa 2011a) . 5) Vertical climbing fiber zones in the mouse folia 8 -10 are ϳ400 m wide. Within these zones, CSs and SSs respond antiphasically during roll tilt. In mice, this is a more spatially restricted representation of activity than would be predicted on the basis of the mediolateral distribution of mossy fiber terminals. As they enter the cerebellum, mossy fiber branches distribute terminals for ϳ1 mm. Parallel fibers add another 1.5-2.0 mm to this mediolateral dispersion. 6) A UL reduces modulated climbing fiber inputs primarily to contralateral folia 8 -10 and therefore impairs vestibular modulation of the discharge of CSs and SSs contralateral more than ipsilateral to the UL. 7) In mice, mutation of Ptf1a::cre;Robo3 lox/lox , the normal crossed projection of climbing fibers to the contralateral cerebellum is converted into an ipsilateral projection, leaving mossy fiber projections undisturbed (Badura et al. 2013) . Antiphasic discharge of CSs and SSs is maintained in these mutants, but it is directionally reversed due to the rerouted climbing fibers. If the modulated discharge of SSs was caused by an intact mossy fiber projection, it would not reverse.
Functions of climbing and mossy fiber circuitry. SSs are modulated antiphasically by climbing fibers. This antiphasic effect, first termed the "inactivation response" (Granit and Phillips 1956) , is induced directly by the climbing fiber-evoked EPSP followed by a Ca 2ϩ -activated increased K ϩ conductance (McKay et al. 2007 ). Inactivation also is a consequence of climbing fiber-evoked increased stellate cell GABAergic inhibition of Purkinje cells (Barmack and Yakhnitsa 2008; Bloedel and Roberts 1971; Dzubay and Jahr 1999; Midtgaard 1992a; Szapiro and Barbour 2007) . A longer term contributor to antiphasic modulation of SSs is the induced depression of SSs following conjunctive activation of parallel and climbing fiber inputs, long-term depression (LTD) (Crépel and Jaillard 1991; Ito et al. 1982; Ito and Karachot 1989; Narasimhan and Linden 1996; Sakurai 1987) . With respect to folia 8 -10, climbing fibers could conjunctively sort out parallel fiber signals while leaving nonconjunctive parallel fiber signals intact, thereby enhancing the depth of modulated discharge of SSs (Ekerot and Jörntell 2001; Jörntell and Ekerot 2002) .
Although antiphasic modulation of SSs is implemented primarily through climbing fiber circuitry, mossy fiber circuitry is not without function. By exciting granule cells, mossy fibers contribute to a generalized excitability of Purkinje cells through parallel fibers. The spatial distribution of mossy fiber terminals, dispersed by parallel fibers, assures that single Purkinje cells receive vestibular information conveyed by mossy fibers from all semicircular canals and otoliths in both laby-rinths. By contrast, vestibular climbing fibers carry vestibular signals from only vertical semicircular canals and otoliths.
This information converges on neurons in the Psol and dorsal Y group before reaching the ␤-nucleus and DMCC. Vestibular climbing fibers, like mossy fibers, terminate in multiple cerebellar folia (folia 8 -10). However, unlike vestibular primary afferent mossy fibers, climbing fibers terminate in narrow "sagittal zones" (Groenewegen and Voogd 1977; Miller et al. 1969) .
Heterogeneous mossy fiber ¡ granule cell ¡ parallel fiber signals provide each Purkinje cell with a virtual cafeteria of vestibular information. Collectively, these inputs establish an operating level of background excitation of Purkinje cells about which modulation of SSs by climbing fiber-evoked stellate cell activity, and possibly other interneuronal activity as well, is optimized. Our data show that climbing fibers not only regulate the discharge of CSs but also antiphasically regulate SSs. Similar parametric antiphasic modulation of SSs by climbing fiber activity evoked by optokinetic stimulation is observed in floccular Purkinje cells (Badura et al. 2013; Frens et al. 2001; Graf et al. 1988; Maekawa and Simpson 1973; Schonewille et al. 2006) .
Although climbing fiber circuitry regulates SSs in the vestibulocerebellum, this regulation may not be universal. Climbing fibers may play a reduced role in the regulation of SSs in other cerebellar regions. Mossy fibers in these regions may effectively drive the activity of granule cells and parallel fibers and directly modulate the activity of SSs. This is the conventional view of how cerebellar circuitry works and is clearly at odds with the results of this experiment. If this view is maintained, it will be necessary to demonstrate in vivo that SSs and mossy fiber afferents discharge in phase, rather than antiphasically, as they do in the vestibulocerebellum.
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